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Abstract 
Experiments at laboratory scales have been conducted to investigate the behaviour of the potential 
accidental release of highly pressurised CO2 including the rapid depressurization process and jet flow 
phenomena at different sizes of the leakage nozzle. The dry ice bank formed near the leakage nozzle is 
affected by the size of the leakage nozzle. The mass outflow rates for different sizes of leakage holes are 
obtained and compared with two typical accidental gas release mathematical models. The results show 
that the “hole model” has a better prediction than the “modified model” for small leakage holes. The 
experiments provide fundamental data for the CO2 supercritical-gas multiphase flows in the leakage 
process, which can be used to guide the development of the leakage detection technology and risk 
assessment for the pipeline transportation. 
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1. Introduction 
The carbon capture and storage (CCS) technologies have obtained increasing global interests in the last 
decades [1]. As one of the three main parts in CCS chain, transportation of CO2 from capture plants to 
storage sites requires a reliable and elaborate transportation system. Previous work has identified pipeline 
as the most economical method for transporting CO2. As the dominant mode for transportation of CO2, 
pipeline transportation system is not a new technology [2]. The majority of the CO2 pipelines are located 
in North America with over 30 years of experience in carrying CO2. Compared with the natural gas 
pipeline transportation system, CO2 pipeline transportation system has a shorter operating history and 
most existing CO2 pipelines are settled in remote areas. With the requirement of dry CO2 in pipelines, CO2 
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pipelines require similar materials as those for natural gas pipelines [3]. Considering the service life of 
pipelines, the internal corrosion during the fatigue life of the pipeline needs to be taken into account in the 
operation of the pipeline transportation system. Leakage detection technology and risk assessment of the 
accidental release of CO2 provide assurance for the effective operation of the pipelines and for the 
surrounding environments, especially when increasing CO2 pipeline transportation systems have to be 
built and settled in less remote areas. The leaked CO2 would accumulate in local areas and might cause 
asphyxia endangering safety of human beings around if it accumulates to a high concentration. As the 
property of CO2 transported is quite different from natural gas, several complex phenomena occur during 
the leakage process [4]. In order to provide fundamental knowledge on the leakage process for the 
development of technologies to address the safety concern of the pipeline transportation system and 
concerns on the surrounding environments including human activities, an experimental investigation of 
the behaviour of highly pressurised CO2 release under laboratory condition was conducted in this study. 
In this study, experiments were setup to evaluate the leakage hole types and the CO2 outflow. The 
depressurization process and multiphase choked flow at the leakage nozzle with different leakage hole 
sizes were measured and the mass outflow rate were obtained, followed by comparisons of the 
experimental results with the typical accidental release model predictions. In the following, a brief 
introduction of experiments is firstly presented, followed by experimental and computational results and 
their discussions. Finally, some conclusions are drawn. 
2. Experiments 
In the experiments, 5 different leakage nozzle sizes were used as the leakage hole ranging from small 
to relatively big holes. Ratio of hole diameter to pipe diameter (RHP) was chosen to describe the leakage 
nozzle. It is defined as the diameter of the pipeline (dp) divided by the diameter of the hole (de) which 
refers to the equivalent diameter of nozzle. The details of leakage nozzle are shown in Fig. 1. 
 
 
Fig. 1. Details of the leakage nozzle. 
To investigate the leakage behaviour of highly pressurised CO2 from pipeline, a recently designed 
facility was used to study the accidently leakage of CO2 [5]. For the purpose of investigating the CO2 
outside the pipeline, a series of measurements were taken in the test section. The details of the 
measurements and a brief diagram of the structure of CO2 outflow are shown in Fig. 2. 
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Fig. 2. The details of the measurements and a brief diagram of the structure of CO2 outflow. 
The operation conditions are summarized in Table 1. 






HD DV Test section 
record 
Thermocouple




0.003 9.02 √ × × Ambient air  
20±3 0.017 9.00 √ √ √ 
0.030 9.04 √ √ √ Initial CO2 
in pipeline 
40±1 
0.063 9.01 √ √ √ 
0.082 9.04 √ √ √ 
3. Results and discussion 
3.1. Dry ice bank 
Due to the violent temperature drop caused by J-T effect outside the leakage nozzle, the high density 
CO2 and air around would experience a rapid phase change at the bottom of the jet plume. To evaluate the 
phase change appeared in the leakage process, temperatures in the jet central line (representing the 
minimum temperatures in different jet cross-sections) of the jet flow with different leakage nozzles were 
measured and are shown in Fig. 3. With the weakening of the jet plume, a flimsy dry ice bank near the jet 
nozzle exit can be observed clearly and is shown in Fig. 4. 
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Fig. 3. Minimum temperature in the centre line of the jet flow.                                Fig. 4. Dry ice bank. 
3.2. Pressure variations and Mach numbers 
Calculation of the mass outflow rate is the first step of the analysis of the accidental release from 
damaged pipeline; therefore the Mach number and variation of the pressure were investigated in the 
experiments to study the flow field at the leakage nozzle. The variations of the pressure were obtained 
from the pressure sensor at the leakage nozzle, meanwhile Mach number could be obtained by calculating 
the ratio of velocity of CO2 at leakage nozzle to the local sound speed of the CO2. As pressure of the CO2 
keep falling in the leakage process, the free jet would transfer from sonic flow to subsonic flow at the 
critical pressure where the velocity of the jet equals to the local sound speed of the CO2. The results are 
shown in Fig. 5. 
 
Fig. 5. The variation of pressure and Mach number at the leakage nozzle locations. 
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3.3. Accidental release model and mass outflow rate 
In the traditional investigation of highly pressurized leakage process, two models are widely 
recognized with two different situations concerned: (a) gas flow through a hole and the pipe considered as 
a tank: usually called the “hole model”; (b) gas flow the completely rupture of the pipeline: the “pipe 
model” [6]. In both of these two models, the CO2 flow in the pipelines is considered as highly 
compressible at leakage conditions as significant variations exist in fluid density during the typical 
accidental release process. In the leakage process, there are significant variations in pressure, temperature 
and density. Meanwhile the process is assumed to be reversible (which will be far from the reality) and 
adiabatic to simplify the analysis. However there is a major gap between these two models: all the cases 
ranging from a “pinhole” to a “rupture” (the “hole model” could be applied to “pinhole" while the “pipe 
model” could be used for full rupture of the pipe). A “modified model” was proposed to bridge up this 
gap [7]. In the “modified model”, different simplifications are used depending on whether the flow is 
sonic. In practice, if the accidental release is detected, the valves at both sides of the pipe would shut 
down immediately. The flowing CO2 can be considered as satisfying situation (a) and the whole leakage 
process is isovolumetric that the pipeline could be considered as a tank. Therefore the “hole model” and 
“modified model” could both be applicable for the accidental release for the small leakage hole. For the 
purpose of comparing and analysing the mass outflow rate from the experimental study, these two  typical 
accidental release models are used.  
The mass outflow rate of CO2 is obtained through the calculation the reduction of the CO2 inside 
pipeline along the depressurization process. Comparing with the data calculated from the “hole model” 
and “modified model”, the mass outflow rate of CO2 are shown in Fig. 6. 
 
 
Fig. 6. Mass outflow rate in experiment and the calculation results from the “hole model” and “modified model”. 
 
4. Concluding remarks 
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. Experiments to investigate the highly pressurised CO2 leakage behaviour with different leakage sizes 
have been conducted. In a leakage scenario, the size of leakage hole has a significant influence on the 
leakage behaviour. The pressure and Mach number in depressurization process and the local Nusselt 
number were obtained indicating that the supercritical CO2 at the leakage nozzle changes from sonic 
leakage into subsonic leakage. The temperatures in the centreline of jet flow were obtained showing that 
dry ice bank could only appear for leakage holes of medium size with steady leakage flows. Meanwhile 
the mass outflow rate in the experiments were obtained and compared with the results from typical 
accidental release models. The mass outflow rate calculated from the “hole model” agrees better with the 
experiment data than the “modified model” for small leakage holes. In the measurements, the accuracy 
and the repeatability of the data were verified by a series of repeatable experimental tests. 
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